MEPRIN METALLOPROTEASES: OLD ENZYMES NEWLY DISCOVERED
=====================================================

Proteolysis is an irreversible post-translational modification that affects every single cell of an organism. Over the last decades proteolytic enzymes have been identified to be master switches in the regulation of the immune system, in neuronal development and neurodegeneration, and in apoptosis and cancer progression. Substrates define protease roles. Therefore the identification of single enzymes, their substrates and inhibitors is crucial to understand complex molecular events responsible for pathophysiological conditions.

It was in the early 1980s when Erwin Sterchi and Judith Bond found unexpected proteolytic activity in the intestine of patients after pancreas surgery and in mouse kidney respectively, which led to the identification of a novel metalloprotease, later called meprin (metalloprotease from renal tissue) \[[@B1]--[@B4]\]. Shortly thereafter, two genes from different chromosomes were identified encoding for the proteases meprin α and meprin β \[[@B5]--[@B10]\]. Meprin metalloproteases belong to the astacin family of zinc endopeptidases and the metzincin superfamily \[[@B11]\]. Hence they are phylogenetically related to MMPs (matrix metalloproteinases) and ADAMs (a disintegrin and metalloprotease domain), proteases that are mostly associated with cancer and metastasis, as well as inflammation \[[@B12],[@B13]\]. MMPs and ADAMs have been intensively studied and many physiological substrates, inhibitors and regulatory molecules have been identified that demonstrate the biological importance of these enzymes \[[@B14]--[@B16]\]. In contrast, for a long time the physiological functions of meprin α and meprin β were (and in many cases still are) ambiguous. Owing to their strong expression in rodent kidney and intestine \[[@B1],[@B17]--[@B20]\], research has focused on the organ-specific activity of these proteases. A breakthrough in understanding the biological activity of meprins was the generation of meprin α- and meprin β-knockout mice \[[@B21]--[@B23]\]. These animals showed clear immunological phenotypes and later on meprins were identified as susceptibility genes in IBD (inflammatory bowel disease) \[[@B24],[@B25]\]. The identification of meprins in human skin revealed strong evidence for different functions of these proteases in epidermal homoeostasis \[[@B26],[@B27]\]. Meprin α expressed in basal epidermis promotes cell proliferation, whereas meprin β induces cell death in terminally differentiated keratinocytes. The knockdown of meprin expression in zebrafish embryos revealed an important contribution of meprin α in angiogenesis, as demonstrated by reduced blood vessel formation in the morpholino-injected animals \[[@B28]\]. The knockdown of meprin β led to a general failure in organogenesis, resulting in the death of the embryos between days 1 and 3 post-fertilization. The zebrafish revealed a broad expression pattern for meprins, and opened up new perspectives for research on the human orthologues \[[@B29]\]. In particular, proteomics approaches have helped to identify specific substrates of human meprin α and meprin β and have revealed important contributions of the enzymes in collagen assembly and fibrosis, and in neurodegenerative processes such as AD (Alzheimer\'s disease).

Structure leads function
------------------------

Meprins are complex and highly glycosylated multi-domain enzymes that require post-translational modifications to reach full activity. They are expressed as proteolytically inactive zymogens that require the removal of their N-terminal propeptides by other proteases. Several serine proteases have been identified as doing this job \[[@B30]--[@B34]\], e.g. members of the tissue KLKs (kallikrein-related peptidases).

Meprins belong to the astacin family of metalloproteases, comprising only six members in humans \[[@B35]\]. These enzymes are characterized by a conserved zinc-binding motif (HExxHxxGxxHxxxRxDR) and by a sequence in close proximity to the active-site cleft, the so called Met-turn, that includes a tyrosine residue as a fifth zinc ligand. Within the astacin family, meprins exhibit a unique domain composition.

Human meprin α and β, encoded on chromosomes 6 and 8 respectively, comprise an N-terminal signal peptide directing the polypeptide chain to the endoplasmic reticulum, an N-terminal propeptide, an astacin-like protease domain, a MAM (meprin A5 protein tyrosine phosphatase μ) domain and a TRAF (tumour-necrosis-factor-receptor-associated factor) domain, both of which are known to mediate protein--protein interactions, an EGF (epidermal growth factor)-like domain, a transmembrane domain, and a C-terminal cytosolic tail ([Figure 1](#F1){ref-type="fig"}A).

![Oligomeric structure of human meprins\
(**A**) Meprin α and meprin β are multi-domain enzymes, building dimers linked by one intermolecular disulfide bond between the MAM domains. Meprins are expressed as zymogens with a propeptide (PRO) N-terminal to the protease domain (CAT) that must be cleaved off proteolytically to gain full activity. Only meprin α contains an inserted domain (I) which is cleaved by furin during the secretory pathway, resulting in secretion of the protein and further oligomerization. Meprin α is the largest secreted protease known, up to 6 mDa in size, as visualized by electron microscopy of purified recombinant enzyme. Meprin β predominantly remains membrane-bound, but can be shed from the cell surface by ectodomain shedding through ADAM10 and ADAM17 activity. C, cytosolic; TM, transmembrane. (**B**) Crystal structure of the ectodomain of dimeric human meprin β in different orientations (PDB codes 4GWN and 4GWM). One monomer is displayed with a transparent surface, revealing the ribbon structure. The colour code of the single domains correspond to (**A**). (**C**) Model of the membrane-bound form of meprin β and its orientation at the cell surface. EGF-like, transmembrane and cytosolic domains are displayed in grey, and phosphorylation sites are in yellow. Positively charged residues within the active-site cleft of the catalytic domain are shown in dark blue (see also [Figure 2](#F2){ref-type="fig"}F and Supplementary Movie S1 at <http://www.biochemj.org/bj/450/bj4500253add.htm>). For structural details see \[[@B41]\].](bj2012-1751i001){#F1}

A major difference between both enzymes is the so called 'inserted' domain in meprin α, which includes a furin cleavage site. This results in the loss of the EGF-like transmembrane and cytosolic domains, and to subsequent release of the enzyme into the extracellular environment. Meprin α further oligomerizes non-covalently, building huge complexes in the mega-Dalton range \[[@B32],[@B36]\]. This makes it the largest secreted protease known to date. Meprin β in contrast is predominantly tethered to the cell membrane as a dimeric type I integral protein, but can be shed from the surface by ADAM10 and ADAM17 \[[@B37],[@B38]\].

For the rodent enzymes, it has been observed that, when co-expressed, meprin α and meprin β can also be organized as hetero-oligomers \[[@B36]\]. This led to the nomenclature meprin A, comprising meprin α homo-oligomers, as well as meprin α/β hetero-oligomers, and meprin B, a synonym for meprin β dimers \[[@B39],[@B40]\]. However, such hetero-oligomers have not been identified in humans and, with respect to the recently solved crystal structure \[[@B41]\] (see Supplementary Movie S1 at <http://www.biochemj.org/bj/450/bj4500253add.htm>), it seems unlikely that human meprin α and meprin β could assemble this way ([Figures 1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}C). Hence, at least for the human enzymes, we strongly encourage the sole use of the terms meprin α and meprin β.

It became evident early on that both meprins were capable of forming homodimers linked by disulfide bridges. This was simply deduced from non-reducing SDS/PAGE. For a long time, however, it was not clear which and how many cysteine residues were involved in forming intermolecular S--S bonds, depending on whether it was meprin α or meprin β or which species was under investigation \[[@B42]--[@B45]\]. Finally, by solving the crystal structure of the ectodomain of dimeric human meprin β it turned out that only one disulfide bridge between the MAM domains is sufficient to do the job \[[@B41]\]. Interstingly, this particular S--S bond occurs in a disordered region within the crystal structure of meprin β, indicating more a stabilizing role than an indispensible structural feature required for proper folding.

Cleavage specificity of meprins and substrate identification
------------------------------------------------------------

In view of the rather complex structure of both meprins, it is most likely that exosites play an important role in substrate recognition. On the other hand, cleavage specificity determines the capability to hydrolyse peptide bonds in a defined amino acid sequence. To investigate the preferences of meprin α and meprin β for certain amino acid residues around the cleavage site, the proteomics approaches PICS (proteomic identification of protease cleavage sites) \[[@B46]--[@B49]\] and TAILS (terminal amine isotopic labelling of substrates) \[[@B50]--[@B53]\] were employed. Using a human peptide library, we found a striking preference for negatively charged residues at the P1′ position for meprin β, which was also detectable for meprin α, although significantly less pronounced \[[@B54]\] ([Figures 2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). This was concordant with the few cleavage sites previously determined for meprins \[[@B55],[@B56]\]. However, when we analysed cleavage events in native proteins, a remarkably increased preference for aspartate and glutamate residues was identified for meprin α as well ([Figures 2](#F2){ref-type="fig"}C and [2](#F2){ref-type="fig"}D). This striking cleavage specificity was found to be characteristic of both meprin α and meprin β, and also of the other astacin proteases BMP-1 (bone morphogenetic protein-1) and ovastacin \[[@B54]\]. Apart from these, no further extracellular proteases share this particular substrate motif, suggesting that many cleavage events seen *in vivo* exhibiting negatively charged amino acid residues in P1′ might be due to meprin activity, or related family members. Indeed meprin β was even capable of completely cleaving acidic peptide sequences ([Figure 2](#F2){ref-type="fig"}E), revealing an outstanding feature among all extracellular proteases. The structure of active human meprin β exhibits several positively charged arginine residues within the active-site cleft, which probably interact with the negatively charged residues of the cleaved protein ([Figure 2](#F2){ref-type="fig"}F). This knowledge might help development of highly specific inhibitors targeting meprin metalloproteases under certain pathological conditions.

![Cleavage specificity of meprin α and meprin β\
With the help of proteomics approaches based on peptide libraries and native substrates, the cleavage specificity of human meprins has been determined. Results are displayed in the WebLogo style, where the most preferred amino acid residues are shown for positions P6 to P6′. The height of the single letter code corresponds to its occurrence. Colour-coding: acidic residues are in red, basic residues are in blue, polar residues (including tyrosine and glycine) are in green and hydrophobic residues (including alanine and proline) are in black. The black line indicates the cleavage site. WebLogo ordinates are scaled in bits as described previously \[[@B118]\]. Relative abundance of amino acid residues around the cleavage sites of meprin α and meprin β derived from peptide libraries (**A** and **B**) and native substrates (**C** and **D**). Both proteases prefer negatively charged amino acids at the P1′ position. (**E**) Incubation of fluorigenic substrates consisting of only aspartate and glutamate residues demonstrates the ability of meprin β to cleave completely acidic peptides. Quenched fluorigenic peptides (P1, P2 and P3) were incubated with human meprin α or meprin β and the relative amount of product (*y* axis) was calculated with regard to fluorescence intensity at 405 nm with an excitation at 320 nm, and plotted against time in seconds (*x* axis). dnp, 2,4-dinitrophenyl; Mca, (7-methyloxycoumarin-4-yl) acetyl. For detailed information see \[[@B54]\]. (**F**) The unique specificity of meprin β is based on structural features of the active-site cleft. Positively charged arginine (Arg) residues (dark blue) can interact with negatively charged amino acid residues of the substrate. Remarkably, Arg^516^ and Arg^567^, both part of the TRAF domain (brown), are probably involved in substrate binding, thus building an extended active-site cleft. The catalytic zinc is shown in orange. Numbering of amino acids is based on UniProt.](bj2012-1751i002){#F2}

To identify natural substrates for human meprin α and meprin β we employed TAILS, a proteomics approach that enriches for N-terminal peptides of proteins and cleavage fragments. A total of 151 new extracellular substrates were identified with high confidence, including growth factors, matrix proteins, inhibitors and proteases \[[@B37]\]. Several of these have been validated in follow-up studies *in vitro* and/or *in vivo* and by Edman sequencing reported in the present review. The majority of N-termini identified exhibited aspartate and glutamate residues around the cleavage sites, highlighting the unique specificity of meprins. The TAILS approached enabled us to identify a network of complex proteolytic events in one go, the protease web, as nicely demonstrated by the cleavage of APP (amyloid precursor protein) by meprin β. Meprin β itself is shed from the cell surface by ADAM10 and, conversely, ADAM10, the constitutive α-secretase, can be activated by meprin β. This has an impact on the generation of neurotoxic Aβ (amyloid β) peptides, the main cause for the progression of AD.

The identification of the meprin α and meprin β degradomes reveals important and unexpected biological functions mediated by the activity of these metalloproteases. This is a key step in the understanding of related pathological conditions, and subsequently also important for drug development.

Synthetic and endogenous inhibitors
-----------------------------------

Regulation of meprin metalloproteases occurs at the transcriptional level \[[@B57],[@B58]\], via activation \[[@B30]\] or inhibition by specific inhibitors \[[@B55]\]. Until recently, only synthetic compounds had been identified as inhibitors of meprin α and meprin β, of which the hydroxamate actinonin was shown to be the most potent molecule, with inhibition constants (*K*~i~) in the nanomolar and low micromolar range for meprin α and β respectively \[[@B31]\] ([Table 1](#T1){ref-type="table"}). Here, the recently solved crystal structure of human meprin β \[[@B41]\] and the intensively studied cleavage specificity \[[@B54]\] will help to design highly specific small-molecule inhibitors. However, although synthetic inhibitors, such as zinc-chelating hydroxamates, might be useful as therapeutics \[[@B59]\], these are not physiological regulators of meprin activity. *In vivo*, endogenous protein inhibitors, such as TIMPs (tissue inhibitors of metalloproteases), are needed for protease regulation. MBP (mannan-binding protein) has been identified as an inhibitor of meprins in rats \[[@B60]\], but this inhibitory capacity could not be verified for the human enzymes \[[@B61]\]. However, the authors of that paper \[[@B60]\] demonstrated in a second study that meprins in complex with MBP initiate complement activation through the lectin pathway, and may cause acute renal failure as shown in mice \[[@B62]\].

###### Synthetic inhibitors of human meprin α and meprin β

The most potent small-molecule inhibitors of meprin metalloproteases are hydroxamates, chelating the catalytic zinc in the active-site cleft. Displayed are the inhibition constants (*K*~i~), revealing actinonin as the most effective molecule, inhibiting meprin α in the nanomolar range and meprin β in the lower micromolar range. Values are means±S.D. For detailed descriptions and further meprin-inhibiting compounds, see \[[@B31]\].

  --
  --

To look for endogenous meprin inhibitors, we coupled recombinant human meprins to activated Sepharose and isolated specific ligands from human plasma. Fetuin-A, a negative acute-phase plasma protein, was thus identified and has further been demonstrated to inhibit the proteolytic activity of meprin α and meprin β \[[@B61]\]. Fetuin-A was additionally found in the proteomics approach that was used for the identification of specific meprin substrates \[[@B37]\], supporting our previous study. Interestingly, in this proteomics screen, cystatin C was also identified, and turned out to be an inhibitor of human meprin α, but not meprin β \[[@B37]\]. Both fetuin-A and cystatin C are members of the cystatin superfamily of protease inhibitors, thus pointing to a common role in the regulation of meprin metalloproteases by this particular group of proteins. This is further supported by nephrosin inhibitor, which is a fetuin-A homologue from carp that exhibits strong inhibitory capacity towards both human meprin proteases \[[@B61]\].

MEPRIN ACTIVITY IN HEALTH AND DISEASE
=====================================

Inflammation
------------

Chronic IBD, such as CD (Crohn\'s disease) and UC (ulcerative colitis) are chronic inflammations of the gastrointestinal tract, characterized by a diffuse leucocyte infiltration of the intestinal mucosa and a deregulation of the mucosal immune system \[[@B63]\]. To date, little is known about the development of these diseases, but recent genetic approaches have identified several susceptibility genes \[[@B64],[@B65]\]. The human metalloproteases meprin α (*MEP1A*) and meprin β (*MEP1B*) are such candidate genes \[[@B24],[@B25],[@B66]\]. Banerjee et al. \[[@B24],[@B25]\] showed that MEP1A is genetically associated with IBD, on the basis of SNPs (single nucleotide polymorphisms) in UC patients. During intestinal inflammation, mRNA expression of *MEP1A* in the epithelium is directly down-regulated, mediated by the homeobox transcription factor CDX2 \[[@B24],[@B67]\]. In the ileal mucosa of CD patients, mRNA levels of meprin β are decreased as well \[[@B68]\]. In these patients, ileal lesions are colonized by pathogenic AIEC (adherent-invasive *Escherichia coli*) bacteria \[[@B69]\]. Interestingly, meprins impair the ability of AIEC bacteria to adhere and to invade epithelial cells. Hence, decreased expression of meprin β leads to an increase in AIEC invasion, underscoring the role for meprins in IBD. Along with these studies, mice lacking meprin α showed a more severe inflammation and intestinal injury in a DSS (dextran sodium sulfate)-induced colitis model than wild-type animals \[[@B66],[@B70]\]. However, the substrates responsible for this phenotype remain elusive. There is evidence that meprins might modulate the immune environment by processing and activating pro-inflammatory cytokines, such as ILs (interleukins) which are also associated with IBD. Meprins are able to generate biologically active IL-1β and IL-18, which are released in response to tissue injury and inflammation \[[@B37],[@B66],[@B71],[@B72]\]. Although both meprins process IL-1β, only meprin β has been shown to activate IL-18. Hence, DSS-treated meprin β-knockout mice exhibit a reduced activation of the pro-inflammatory IL-18 and are therefore less susceptible to intestinal inflammation compared with wild-type mice. The pro-inflammatory role of meprin β was further supported by the finding that this protease mediates intestinal leucocyte infiltration, in accordance with its ability to cleave adhesion molecules and components of the ECM (extracellular matrix) \[[@B23],[@B31],[@B73],[@B74]\].

Previous studies provide evidence that meprin α induces inflammation by transactivation of the EGFR (EGF receptor) through the release of its ligands TGFα (transforming growth factor α) and EGF from the cell surface \[[@B34],[@B75],[@B76]\]. In colon carcinoma cells (Caco-2), meprin α is activated by plasmin which, in turn, is activated by the fibroblast-derived urokinase-type plasminogen activator \[[@B33]\]. Thereafter, meprin α is able to release soluble EGF and TGFα, consequently activating the EGFR and ERK1/2 (extracellular-signal-regulated kinase 1/2) signalling cascade in a ligand-dependent manner \[[@B76]\]. Further investigations are required to see if the release of EGF and TGFα is also influenced through meprin β-mediated ADAM10 activation \[[@B37]\]. ADAM10 is well known to shed both EGFR ligands and hence might be involved in meprin-mediated signalling. The activation of EGFR and ERK1/2 finally leads to an increased cell proliferation and cell migration, indicating meprin α to be involved in the spreading of cancer cells. Additionally, EGFR transactivation via the release of TGFα by meprin α was demonstrated in human bronchial epithelial cells (16HBE14o), where meprin α is activated by the pro-inflammatory serine protease neutrophil elastase \[[@B34],[@B77]\]. Soluble TGFα binds and activates the EGFR/TLR4 (Toll-like receptor 4) signalling cascade. Subsequently, this leads to an increased secretion of IL-8, a neutrophil chemoattractant implicated in chronic inflammatory diseases such as CF (cystic fibrosis) \[[@B77],[@B78]\]. Interestingly, expression of meprin α in mice suffering from CF is increased compared with healthy animals, indicating that this particular protease is a potential therapeutic target in inflammatory lung disease.

Kidney and nephritis
--------------------

In mice and rats, meprin α and meprin β make up to 5% of total brush-border membrane proteins \[[@B79]\], implicating an important physiological relevance of these proteases in rodent kidney. It has been found that both increased and decreased expression of meprins is associated with kidney diseases. The mouse strains C3H/He and CBA/Ca exclusively express meprin β, but no meprin α, in proximal tubular cells \[[@B80]\]. Interestingly, these mice developed less severe forms of kidney disease after injury compared with mouse strains with normal meprin α levels. This was the first indication of a role for meprin α in acute renal failure \[[@B81]--[@B83]\]. Indeed, further studies supported this observation \[[@B84]--[@B87]\]. Whereas meprin α is secreted into the lumen of the proximal tubule, meprin β is tethered to the apical plasma membrane \[[@B84]\]. During IR (ischaemia/reperfusion) injury and cisplatin-induced AKI (acute kidney injury) in rodents, meprin α and meprin β undergo redistribution from apical brush-border membranes of the proximal tubule to the basolateral tubular basement membrane \[[@B74],[@B85],[@B86]\]. IR is known to initiate an inflammatory response leading to rapid tissue damage \[[@B87]\]. Hence, increased meprin activity at the basement membrane leads to degradation of the renal tubular laminin--nidogen complex and other components of the basement membrane, and to the cleavage of cell-adhesion molecules (E-cadherin and tenascin-C), consequently injuring the tubular basement membrane and leading to leucocyte infiltration \[[@B31],[@B73],[@B74],[@B84],[@B88]\]. Moreover, meprins are able to induce a pro-inflammatory response by activating or releasing cytokines such as IL-1β, IL-18 or TGFα \[[@B66],[@B76],[@B86]\].

Interestingly, mice lacking meprin α and meprin β are significantly protected against renal IR injury and bladder inflammation. Meprin α-knockout mice exhibit less renal damage compared with wild-type mice, and meprin β-deficient mice show lower levels of the inflammatory marker IL-6 and decreased leucocyte infiltration after renal injury \[[@B85],[@B89]\]. A number of studies have addressed the role of meprins as diagnostic markers and possible novel targets for therapeutic treatment of renal diseases \[[@B90]--[@B92]\]. Administration of the potent meprin inhibitor actinonin in rats prevents renal pathology, supporting the contribution of meprins to the pathogenesis of IR-induced renal injury \[[@B93],[@B94]\]. In a sepsis-induced AKI mouse model, this particular inhibitor significantly decreased the initial peritubular capillary dysfunction, as well as the subsequent tubular injury \[[@B59]\].

Interestingly, variations in the structural or regulatory regions of the *MEP1B* gene have revealed a link to diabetic nephropathy \[[@B81]\]. When analysing the nucleotide sequence of the *MEP1B* gene from Pima Indians, nine significant SNPs in *MEP1B* were found, which might influence transcription or trafficking of the enzyme \[[@B58]\]. Diabetic nephropathy finally results in fibrosis, a pathological condition also observed in dermal skin, when meprins are overexpressed by fibroblasts, as described below.

Neurobiology and AD
-------------------

Recent advances in proteomic techniques have provided a variety of new putative substrates of meprins, including APP. Proteolytic processing of APP is proposed to have a pathological effect on the progression of AD, since the accumulation of amyloid plaques in the brains of patients with AD is characteristic of the disease pathology \[[@B95]\]. Aβ peptides are generated during the amyloidogenic pathway when the β-secretase BACE1 (β-site APP-cleaving enzyme 1) cleaves APP, generating the soluble APP fragment (sAPPβ) and the membrane-bound C-terminal 99 amino acids of APP (C99) \[[@B96]\]. Subsequently, C99 is processed by γ-secretase, generating a small intracellular fragment and the neurotoxic C-terminal Aβ peptide predominantly consisting of either 40 or 42 amino acids. These Aβ peptides form aggregates, which are assumed to be the main cause of AD. Recently, Bien et al. \[[@B97]\] reported that meprin β initially sheds APP, releasing different Aβ species with several cleavage sites identical with or proximal to the known β-secretase cleavage site \[[@B97]\]. In fact, overexpressed meprin β, in contrast with the β-secretase BACE1, generates N-terminally truncated Aβ variants containing alanine at the P1′ position (Aβ^2--40^) (see Supplementary Movie S1), as found in cerebrospinal fluids \[[@B98],[@B99]\]. The overexpression of meprin β in AD brains suggests a role for this metalloprotease in the accumulation of Aβ peptides \[[@B97]\]. However, further studies and appropriate mouse models are necessary to investigate the contribution of meprin β in AD. Additionally, meprin β processes the N-terminus of APP *in vivo* releasing N-terminal fragments of 11 and 22 kDa (APP11 and APP22) \[[@B100]\]. The 11 kDa peptide was previously observed in human brain lysates \[[@B101]\], suggesting the physiological relevance of meprin β in neurobiology ([Figure 3](#F3){ref-type="fig"}).

![Proteolytic interactions responsible for the shedding of APP by meprin β\
The cartoon summarizes recent findings showing that meprin β generates Aβ peptides \[[@B97]\] and specific N-terminal APP fragments \[[@B100]\]. We further identified a proteolytic interaction between meprin β and ADAM10 \[[@B37]\], the constitutive α-secretase. Shedding by ADAM10 leads to soluble meprin β, which is no longer capable of cleaving at the β-secretase site, but still releases N-APP fragments that exhibit no neurotoxic capacity and are rather protective against death receptor 6 (DR6)-mediated neuronal death. Human tissue KLKs are activators of meprin β.](bj2012-1751i003){#F3}

Alternatively, during the non-amyloidogenic pathway, the α-secretase ADAM10 sheds APP within the Aβ domain, liberating the soluble ectodomain sAPPα, thus preventing the formation and aggregation of neurotoxic Aβ peptides \[[@B102],[@B103]\] Interestingly, meprin β has been shown to activate the α-secretase ADAM10 through cleavage of the propeptide \[[@B37]\]. ADAM10 is synthesized as a zymogen and requires proteolytic activation. Although the propeptide is cleaved by proprotein convertase PC7 and furin during the secretory pathway, it remains non-covalently bound to the catalytic domain of ADAM10 and acts as an inhibitor \[[@B104]\]. The second cleavage event by meprin β releases the propeptide leading to an increase in ADAM10 activity. However, whether this meprin β-mediated activation of the α-secretase ADAM10 has any protective function in the progression of AD is not yet clear. One might assume that increased ADAM10 activity mediated by meprin β decreases the amount of Aβ. However, it was also shown by a neuronal knockout of ADAM10 that Aβ levels were significantly lower in the absence of this particular protease \[[@B105]\]. Still little is known about the regulation of the Aβ generation and the balance between α- and β-secretase activities in AD. Meprin β indeed is involved in the modulation of APP *in vivo* and might therefore be a promising therapeutic target in AD.

Angiogenesis and cancer
-----------------------

Previous studies have addressed the role of meprin α in angiogenesis \[[@B28],[@B106]\]. Angiogenesis is the physiological process of new blood vessel formation from pre-existing vessels and is therefore a key step in organ development and homoeostasis. However, the imbalance in angiogenesis contributes to numerous pathologies, such as cancer and inflammation \[[@B107]\]. Interestingly, morpholino knockdowns of meprin α in zebrafish embryos revealed a severe phenotype with a dramatically reduced vascular system \[[@B28]\] ([Figure 4](#F4){ref-type="fig"}A) resembling the phenotype of VEGF-A (vascular endothelial growth factor A) morphants \[[@B108],[@B109]\]. Hence, meprin α is a pro-angiogenic enzyme important for blood vessel formation during embryogenesis. In a rat aortic ring assay, the application of meprin α increased outgrowth, length and branching of capillaries \[[@B106]\]. The molecular mechanism behind this function might involve proteolytic activation and/or release of pro-angiogenic growth factors, such as VEGF-A and CTGF (connective tissue growth factor), both identified as meprin substrates \[[@B37]\]. Human meprin α cleaves VEGF-A *in vitro*, generating proteolytic fragments as found in wild-type zebrafish \[[@B28]\] ([Figure 4](#F4){ref-type="fig"}B). Besides its contribution in the regulation of angiogenesis, meprin α has been described to be involved in cardiovascular homoeostasis by enzymatic cleavage of the 32-amino acid BNP (B-type natriuretic peptide) (BNP^1--32^) *in vitro* and *in vivo*, leading to its reduced bioactivity \[[@B110]\].

![Meprin α promotes blood vessel formation\
To analyse the biological function of meprins, morpholino knockdowns of meprin α~1~, meprin α~2~ and meprin β were done in zebrafish embryos. (**A**) Microangiography with fluorigenic TRITC (tetramethylrhodamine β-isothiocyanate)--Dextran revealed severe defects in the formation of blood vessels when meprin α~2~ was reduced. Compared with wild-type (WT) embryos, meprin α~2~ morphants (MO) showed nearly complete absence of the head vascular system and the posterior cardinal vein (PCV), indicating a pro-angiogenic function of this protease. CA, caudal artery; CV, caudal vein; DA, dorsal aorta; DLAV, dorsal longitudinal anastomotic vessel; H, heart; hpf, hours post-fertilization; ISV, intersegmental vessels; L, liver; PCeV, posterior cerebral vein; PCV, posterior cardinal vein. Scale bar is 250 μm. Reproduced from \[[@B28]\], under the terms of the Creative Commons Attribution Licence. (**B**) Interestingly, processing of the VEGF-A (VEGF-A~165~) by meprins *in vitro* resulted in cleavage products comparable with those found in zebrafish lysates (FL). For detailed information see \[[@B28]\].](bj2012-1751i004){#F4}

Consistent with the described pro-angiogenic activity, meprin α is expressed in several different tumours, e.g. breast and colon carcinoma \[[@B57],[@B111]\]. In cultured colon carcinoma cells (Caco-2) meprin α is secreted not only apically, but also basolaterally leading to an accumulation of meprin α activity in the tumour stroma \[[@B111]\]. Hence, the proteolytic potential of meprin α is directed towards the ECM, where it can contribute to the breakdown of stromal structure thereby affecting proliferation and migration of tumour cells into the surrounding tissue. This is supported by cell-culture experiments with actinonin-treated human breast carcinoma cells, which resulted in decreased invasiveness *in vitro* \[[@B57]\]. Additionally, Lottaz et al. \[[@B106]\] demonstrated that meprin α directly promotes cell migration, although the pro-angiogenic effect of meprin α might be even more important for cancer pathology. The processing of growth factors and cytokines, especially with regard to the pro-angiogenic function of meprin α, should be pursued futher in future studies. Previously, it was demonstrated that both meprins are capable of processing procollagen III, thereby enhancing fibril assembly, a role which could be contrary to metastasis \[[@B26]\] (see the section below). Meprin α expression differs between different carcinomas, with quite low levels in ovarian cancer compared with gastrointestinal carcinomas \[[@B106],[@B112]\]. Hence, the role of meprins in cancer development, progression and metastasis seems to be more complex than the ECM-degrading function previously proposed for certain MMPs.

Skin and fibrosis
-----------------

The skin is the largest organ of the body and protects it against external physical, chemical and biological influences due to its elaborate organization in distinct layers \[[@B113]\]. Meprin α and meprin β are constitutively expressed in human epidermis, albeit in different cell layers due to their different roles in keratinocyte differentiation \[[@B27]\]. Meprin α is exclusively expressed in the stratum basale, where it might be activated by plasmin by the removal of the propeptide \[[@B30],[@B33]\] and where it promotes proliferation of human keratinocytes. *In vitro* studies suggest a contribution of meprin α in cell migration by processing several components of the basal lamina such as collagen IV, fibronectin, laminin and nidogen-1 \[[@B31],[@B37],[@B84]\], thus allowing cells to detach from the underlying basement membrane and to migrate into the upper granular layers of the epidermis. During hyperproliferation, as in *psoriasis vulgaris* and in Netherton syndrome, meprin α expression is shifted from the basolateral to the upper layers of the epidermis where it is probably activated by KLK5 \[[@B30]\]. Meprin β, in turn, is expressed in the stratum granulosum, the layer of the epidermis where the cornified envelope is formed and the epidermal barrier is established \[[@B27]\]. Here, promeprin β can be activated by KLK4, 5 and 8, all of these being expressed in the upper layers of the epidermis \[[@B30]\]. Once activated, meprin β induces terminal differentiation and might therefore be involved in cornification, a unique process of cell death in which a water-impermeable barrier is formed. Concomitant with its expression in the granular layer, meprin β has been proposed to be involved in desquamation by cleaving cell-adhesion molecules such as E-cadherin and desmogleins \[[@B37],[@B114]\] ([Figure 5](#F5){ref-type="fig"}A). Moreover, the role of meprin β in desquamation is supported by its ability to process proKLK7 only two amino acids N-terminal from the activation site, subsequently leading to an accelerated activation of proKLK7 \[[@B30]\]. Additionally, meprin β cleaves a range of serine protease inhibitors such as LEKTI (lymphoepithelial Kazal-type-related inhibitor), SLPI (antileucoproteinase) and elafin, which then can directly modulate KLK7 activity \[[@B37]\]. In the same study, we could also show that meprin β activates ADAM10, an enzyme known to be essential for epidermal homoeostasis \[[@B115]\].

![Activity of human meprin α and meprin β in skin homoeostasis and fibrosis\
(**A**) Meprin α and meprin β are expressed in separate layers of human epidermis, in the stratum basale and the stratum granulosum respectively. Meprin β was shown to be involved in terminal differentiation of keratinocytes, whereas meprin α promotes cell proliferation by activating the EGFR. A proteomics screen identified desmogleins as substrates of meprin β \[[@B37]\], adhesion molecules that are cleaved during desquamation. Immunogold staining of human epidermis revealed co-localization of meprin β (black dots) and desmoglein-containing desmosomes (white arrows). The red arrow indicates possible degradation of desmosomal proteins by meprin β. (**B**) In the dermis both meprins are overexpressed in fibroblasts of fibrotic skin, as demonstrated by immunofluorescence microscopy \[[@B26]\]. Here, meprins might contribute to the increased formation of fibrillar collagen. *In vitro* it was shown that meprins can cleave off the N- and C-propeptides of procollagen III, thereby releasing mature triple helical collagen. Further studies are required to validate this observation *in vivo*. DAPI, 4′,6-diamidino-2-phenylindole.](bj2012-1751i005){#F5}

Further investigations with regard to the physiological role of meprin α and β in skin have led to the finding that both meprins are overexpressed in human dermal fibroblasts of fibrotic tumours (keloids) compared with normal skin \[[@B26]\] ([Figure 5](#F5){ref-type="fig"}B). The dermis consists mainly of connective tissue and is the site of collagen synthesis. Dermal collagens, mainly types I and III, are the major components of the connective tissue, responsible for tensile strength and stability. Previously, meprin α and meprin β have been shown to cleave the C-propeptides from the fibrillar procollagen III *in vitro*, the initial step in collagen fibril formation \[[@B116],[@B117]\]. Interestingly, meprins process type III procollagen at exactly the same site and even more efficient than the procollagen C proteinase BMP-1, suggesting that meprins are involved in procollagen turnover and might contribute to collagen assembly in skin. Whether meprins are procollagen proteinases *in vivo* has yet to be shown.

SUMMARY
=======

Proteolytic enzymes are important regulators in health and disease. Understanding the orchestration of proteases, substrates, inhibitors and other regulatory molecules, in one word 'the protease web', is crucial for the treatment of associated pathological conditions. Among all 553 human proteases, the metalloproteases meprin α and meprin β exhibit unique structural and functional properties. Recent studies revealed structural details of meprin β, which explain the molecular basis for the unique cleavage specificity, with high preference for acidic amino acid residues in the P1′ position, reflected by native substrates. Proteomics analyses enabled the identification of more than 100 new meprin substrates and revealed a possible link to neurodegeneration with regard to the release of Aβ peptides by meprin β. Cleavage of pro-inflammatory cytokines by meprins and genetic studies demonstrated contribution of these proteases to the progression of IBD. This was further validated in DSS-induced colitis in meprin α- and meprin β-knockout mice. The knockdown of meprin expression in zebrafish revealed important functions of these enzymes during embryonic development. Meprin α, for instance, was shown to be a pro-angiogenic enzyme, and therefore might contribute to tumour progression in colon carcinoma, where the protease is highly expressed. Further studies, including appropriate animal models, will elucidate the precise molecular pathways mediated by meprin α and meprin β activity in health and disease. The generation of specific meprin inhibitors is a crucial goal to develop potential therapeutics for the treatment of meprin-associated pathologies.

The present review summarizes recent findings in meprin research in health and disease and describes the multiple molecular pathways mediated by meprin activity. It is also an invitation to scientists not in the field to re-examine their data for possible meprin activity, something that might have been overlooked due to the still orphan status of these fascinating metalloproteases.
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===========
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